Pyroxene separated from dolerite surfaces, which were exposed to cosmic ray irradiation for millions of years in the Antarctic Dry Ne production rates in pyroxene lack consistency. Depending on the method chosen, the 38 Ar production rate derived here ranges between (191 ± 21) atoms (g Ca) − 1 a − 1 and (254 ± 28) atoms (g Ca) − 1 a − 1 at sea level (standard atmospheric pressure) and high latitude. A more accurate value may be calculated from our data as soon as the He and Ne production rates from pyroxene are known more reliably. Our production rate determination is largely independent of past geomagnetic field variations and of the scaling method used.
Introduction
Nuclear interactions of cosmic ray particles with terrestrial surface matter produce a variety of "cosmogenic" nuclides, some of which can be used to decipher surface exposure histories of rocks and, thereby, date surface features or quantify denudation rates [e.g. [1, 2] ]. For such studies the radionuclides 10 Be, 26 Al and 36 Cl, with half lives of 1.5, 0.7 and 0.3 Ma, respectively, and the stable noble gas isotopes 3 He and 21 Ne have mainly been used in the last two decades. More recently, 14 C has been added as a reliable tool to in situ cosmogenic nuclide studies [3] , extending the range of applications owing to its relatively short half-life of 5730 a. However, there are still a number of nuclides which have proven invaluable in extraterrestrial cosmic ray exposure studies, but have not been applied to terrestrial rocks so far, due to low production rates or high background concentrations for instance. One of these nuclides is 53 Mn (t 1/2 = 3.7 Ma), whose terrestrial production rate has recently been determined [4] . Another one is 38 Ar, a stable noble gas isotope which is mainly produced by spallation of the Earth and Planetary Science Letters 257 (2007) 596 -608 www.elsevier.com/locate/epsl target elements K and Ca. Therefore, it could provide a complementary alternative to conventionally used nuclides especially in K-and Ca-rich minerals which do not quantitatively retain the lighter noble gases and are not suitable for 10 Be and 26 Al dating, such as feldspar. The presence of cosmogenic 38 Ar in terrestrial samples was first shown by Renne et al. [5] , who studied mainly apatite, as well as fluorite, sphene and plagioclase. They did, however, not succeed in deriving a consistent 38 Ar production rate. Knight et al. [6] reported more cosmogenic Ar data, involving additional minerals such as diopside, clinopyroxene, and garnet, and estimated an 38 Ar production rate from Ca of ∼100 atoms (g Ca) − 1 a − 1 at sea level and high latitude. This value is a factor of 2 lower than the theoretical estimate of Lal [7] of 200 atoms (g Ca) − 1 a − 1 . One of the main obstacles to accurate determinations of cosmogenic 38 Ar in terrestrial rocks is the high background of atmospheric Ar, corresponding to ∼6 ppm 38 Ar in air, while those contributions are two and six orders of magnitude less for 21 Ne and 3 He, respectively. Another major difficulty in getting a reliable 38 Ar production rate is the fact that cosmogenic Ar is not only produced by spallation of K, Ca and, to a minor extent, Ti and Fe, but also by thermal neutron capture of 35 Cl, producing 36 Cl which decays to 36 Ar with a half life of 3 × 10 5 a. The production systematics of neutron capture reactions is considerably more complex than that of spallation reactions [e.g. [8] ], so that an accurate assessment of the contribution to the total 36 Ar production is difficult for Cl-rich minerals. Therefore it is essential to choose minerals with low enough Cl concentrations in order to resolve the cosmogenic Ar production rate from major target elements such as Ca or K.
In this paper we report concentrations of cosmogenic Ar in pyroxene minerals separated from dolerites which were exposed to cosmic ray irradiation for several million years in the Antarctic Dry Valleys [9] . The pyroxenes are low in both K and Cl, enabling us to deduce the 38 Ar production rate from Ca by relating the cosmogenic 38 Ar concentrations to 3 He and 21 Ne exposure ages.
Samples and experimental method
Boulder and bedrock samples were taken from Ferrar Dolerite surfaces in the Antarctic Dry Valleys region. Information on sampling and geological setting can be found in [9] and references therein. Eight samples were selected for this study based on their long surface residence times of several million years at elevations of up to 2600 m [9] , which make them well-suited for a precise determination of cosmogenic 38 Ar excesses. Erosion rates on the sampled surfaces were below a few tens of centimeters per Ma [9] , and the consistency between the concentrations of stable 3 He and radioactive 53 Mn in these samples indicates continuous exposure without significant periods of burial by sediment, ice, or snow [4] . Beyond that, both erosion and burial do not affect the concentration ratios of the stable cosmogenic nuclides 3 He, 21 Ne and 38 Ar on which our production rate determination is based. An influence on the 38 Ar/ 36 Ar ratio could possibly occur if the burial was recent enough to affect the secular equilibrium between 36 Cl production and decay. Also, snow ore ice cover might change the thermal neutron flux in the rock and, therefore, the production rate of 36 Ar via 35 Cl(n,γ) 36 Cl, but given the low Cl concentrations in our samples (see Section 3.1) this is not a significant issue.
Except for samples NXP and 318, pyroxene separates were not left in large enough quantity from the earlier investigation, therefore we prepared new separates from the original whole rock material by etching in concentrated HCl, applying magnetic separation and density separation techniques, and handpicking. The quality of the mineral separates was inspected by X-ray diffraction (XRD) analysis, though only after noble gas analysis in some cases. It turned out that three separates (403, 444, 446) contained less than 80% pyroxene, making their results less reliable. Major element compositions were determined by X-ray fluorescence (XRF) analysis, using splits of ∼400 mg of each separate. Cl concentrations were checked by microprobe analysis at the University of Kiel.
The concentrations and isotopic compositions of all stable noble gases have been determined in the noble gas laboratory of GFZ Potsdam. Samples of ∼ 0.6 to 1.1 g were wrapped in Al or Mo foil and placed in the sample carrousel above the extraction furnace, where they were baked for about one week at 100°C. Noble gases were extracted in two or three heating steps up to 1750°C, in order to achieve a better separation of atmospheric and radiogenic from cosmogenic components. Analytical blanks were quite variable, depending on the extraction temperature, the type of foil used, and the history of the crucible; they were monitored regularly between sample measurements. In units of 10 MORB glasses loaded in the same sample suite, but still the 3 He blank was five orders of magnitude less than the 3 He in the sample. More details about the experimental procedure and the methods of data reduction can be found in [10] .
A recent redetermination of the isotopic composition of Ar [11] has yielded somewhat higher ratios of 40 Ar ratios would come out 1.04% and 0.27% higher than reported here, respectively, while the concentrations of cosmogenic 38 Ar would decrease by ∼0.77%, which is about an order of magnitude less than the analytical uncertainties.
Results
The concentrations and isotopic compositions of He, Ne and Ar are presented in Table 1 . Kr and Xe data are given in the background data set (Tables A1 and A2) ; they show atmospheric compositions in general except for a few contributions of fission Xe. The only case where cosmogenic 124 Xe and 126 Xe excesses are indicated is the 1700°C step of sample 446. All error limits given in this paper correspond to 95% confidence level. Table 2 gives the results of XRF and XRD analyses. It shows that the applied mineral separation procedures did not yield clean enough pyroxene separates for three out of the eight samples, as pyroxene contents are b80% for 403, 444, and 446. These three samples also have elevated concentrations of elements that are not expected to be abundant in pyroxene: Na, Al, K, and Ti ( Table 2 ). The difficulty of obtaining pure pyroxene separates from Ferrar dolerite has been reported before [13, 14] . The 38 Ar production rate will be derived from the five pure separates (NXP, 435, 439, 464, 318) only, which contain at least 92% pyroxene and have K contents of b0.02% (Table 2 ). The impure samples will only be used for reference.
Chemical and mineralogical composition
Cl concentrations have been determined for a few spots in electron microprobe mounts of six pyroxene separates. Due to the small number of measurements the statistical errors are quite large, but this method allowed us to establish an upper limit of ∼ 100 ppm Cl. We assume that the Cl content of the other two samples is equally small and will show below that such concentrations do not affect the accuracy of our production rate determination.
Helium and neon
There are distinct differences in how prominent the 3 He, 21 Ne and 22 Ne excesses are, depending on the temperature fraction and on the concentration of trapped (or radiogenic) 4 He and 20 Ne. 3 He/ 4 He ratios vary from 0.859 × 10 − 6 to 331 × 10 − 6 ; they typically decrease with increasing temperature, confirming the predominant release of cosmogenic He from pyroxene below 600°C [15] . To calculate the concentration of cosmogenic 3 He, the contributions of trapped and radiogenic He have to be known. The isotopic composition of trapped He was checked by crushing sample 444 (the sample with the lowest cosmogenic 3 He concentration) in vacuo, yielding a 3 He/ 4 He ratio of 0.112 ± 0.010 × 10 − 6 (Table 1 ). This value is probably an upper limit, since some release of cosmogenic He during crushing cannot be excluded [16] . Radiogenic He, which is expected to be present in the crystal lattice, will have a much lower 3 He/ 4 He ratio; Margerison et al. [13] estimated ∼0.003 × 10 − 6 for pyroxene from the same Ferrar dolerite lithology. They also determined the total (non-cosmogenic) 3 He concentration in a shielded Ferrar dolerite pyroxene to 6.8 × 10 6 atoms/g [13] , which corresponds to ∼1% of total 3 He in sample 444 and less than that in all other samples. We conclude that non-cosmogenic 3 He fractions are negligible and report total 3 He as the cosmogenic component in Table 3 . 22 Ne/ 20 Ne and 21 Ne/ 20 Ne ratios are higher than atmospheric throughout, ranging from 0.1043 to 0.951 and from 0.00443 to 0.801, respectively, and generally increasing with extraction temperature, again in agreement with the degassing systematics reported in [15] . Trapped Ne is very similar to atmospheric, as shown by the crushing extraction of sample 444. The small excess in 21 Ne/ 20 Ne may be due to a minor release of cosmogenic 21 Ne by crushing; it corresponds to ∼ 0.2% of the total cosmogenic 21 Ne in this sample. The Ne threeisotope plot (Fig. 1) shows that the data are well aligned along the "spallation line", i.e. the mixing line between atmospheric and cosmogenic Ne typical for pyroxene [9] . Deviations from the spallation line occur only for two of the impure pyroxene separates with significant contributions of quartz and feldspar (403 and 446; Table 2 ). Hence it is justified to assume two-component mixtures of atmospheric and cosmogenic Ne in all samples for calculating the cosmogenic 21 Ne concentrations, which are reported in Table 3 .
In most cases, the cosmogenic 3 He and 21 Ne concentrations obtained here agree within error limits with those determined at ETH Zurich [9] and the LamontDoherty Earth Observatory [4] , respectively, which were reported earlier (Table 3) . Slight deviations may be due to differences in target element chemistry among different pyroxene separates from the same rocks. Substantial deficiencies of both 3 He and 21 Ne with regard to the data of [4, 9] occur for samples 403 and 446, with combined plagioclase and quartz fractions of 28 and 77%, respectively ( Table 2 ). The 3 He and 21 Ne deficiencies are thus easily explained by diffusion loss from such less retentive minerals. On the other hand, minor deficiencies of 3 He in samples 435, 439, and 464 in the data of [9] compared to those reported here may indicate a poorer quality of the earlier separates in case of those samples.
Argon
In general, 40 Ar/ 36 Ar ratios are only moderately elevated over the atmospheric reference value of 295.5 (Table 1 ) except for the samples 403 and 446 with higher K contents ( Table 2) . 38 Ar/ 36 Ar ratios range from close to atmospheric (0.1880) up to a maximum of 0.2887 ± 0.0018, clearly indicating the presence of cosmogenic 38 Ar excesses in most heating steps of all samples. The composition of trapped Ar is assumed to be atmospheric in terms of the 38 Ar/ 36 Ar ratio, since no terrestrial reservoirs are known with a different composition, and nuclear processes other than those caused by cosmic ray irradiation can only change this ratio markedly in minerals that are very rich in U and Th [17] . However, isotopic mass fractionation, either related to the gas trapping process or as an unresolved instrumental artifact, might constitute a potential problem in assigning the atmospheric value to the 38 Ar/ 36 Ar ratio of the noncosmogenic Ar fraction. Fig. 2 shows a compilation of 38 Ar/ 36 Ar ratios in samples expected to be free of Fig. 1 . Ne three-isotope diagrams for stepwise heating data of eight pyroxene separates from the Antarctic Dry Valleys. 600°C data are shown by white symbols, 900°C data by gray, and ≥1700°C data by black symbols. A larger range than in the main panels is displayed in the insets; note different scale for insets in A and B. The spallation line is the mixing line between atmospheric and cosmogenic Ne and was plotted according to [9] . For reference, mfl is the mass fractionation line.
cosmogenic Ar, as determined during the relevant period in 2005 with either of the two noble gas lines at the GFZ Potsdam. The compilation shows both crushing and pyrolysis extractions of various minerals. Despite some variation in detail, the data are generally consistent with the atmospheric value within uncertainties. In particular, the pyrolysis data for olivines, pyroxenes and one amphibole obtained in the same line as for most of the Dry Valleys pyroxenes (line B was used for sample NXP and the crushing extraction of 444 only) yield an error-weighted mean of 0.18779 ± 0.00027. Therefore, it seems justified to us to use the uncorrected atmospheric value of 0.1880 as a reference for the noncosmogenic Ar composition. To assess the concentrations of cosmogenic 38 Ar, however, the 38 Ar/ 36 Ar production ratio must be known also. This issue is discussed in the next section.
Discussion

Production systematics of cosmogenic argon
Cosmogenic Ar in terrestrial surface rocks is mainly produced by neutron-induced spallation of K and Ca nuclei and, to a minor extent, of Ti and Fe. The relative production rates from these elements have been extensively studied in meteorites and lunar material [e.g. [18] [19] [20] ]; those estimated by Hohenberg et al. [19] for 500 g cm − 2 shielding depth beneath the lunar surface are shown in Table 4 . At that depth, cosmogenic nuclide production on the moon is dominated by neutrons similar to the conditions on the terrestrial surface. In comparison, the atmospheric shielding depths of the samples used in this study vary between ∼ 720 and 900 g cm − 2 . More recent model calculations on relative production rates of Ar isotopes from different target elements, in particular adapted to terrestrial surface conditions, are not available to our knowledge. According to Table 4 , cosmogenic production of 40 Ar is negligible. Production of 36 Ar and 38 Ar from Ti and Fe is small as well, b1% of that from Ca for a pyroxene separate with ∼10% Ca, ∼ 10% Fe, and ∼ 0.2% Ti (cf. Table 2 ). Since the relative contributions of 36 Ar and 38 Ar from K and Ca vary by less than 5% below 40 g cm − 2 on the moon, while those from Ti and Fe decrease steadily with depth [19] , it is reasonable to assume that the production ratios on earth will be similar. Table 4 Production rates of the stable Ar isotopes from target elements K, Ca, Ti, and Fe, relative to that of 36 Ar from Ca, as reported in [19] Ar ratio of 0.1880 [12] , which was assumed for calibration of our mass spectrometers.
Among spallation reactions, only the production of 36 Ar and 38 Ar from K and Ca may thus be relevant for our samples. K concentrations are b 0.02% in the five pure pyroxene separates studied here, at least a factor of 400 lower than Ca concentrations (Table 2) . Therefore, spallation production from K can safely be neglected given that normalized 38 Ar production rates from K are similar to those from Ca. Thermal and epithermal neutron capture of Cl is, however, another mechanism eventually leading to the production of Ar isotopes. In particular, 35 Cl has a rather high cross section of 44 barn for thermal neutron capture, producing 36 Cl which decays to 36 Ar with a half life of 3 × 10 5 a. The cross section of the corresponding reaction with 37 Cl is only 0.4 barn, making thermal neutron capture production of 38 Ar (by decay of 38 Cl with a half life of 37 min) insignificant. According to Phillips et al. [8] , the upper limit of ∼100 ppm Cl in our samples (Section 3.1) corresponds to a sea level -high latitude production rate of roughly 3 at g − 1 a 36 Cl production and decay is not indicated either [4] . For younger samples, however, a correction factor containing the branching ratio P( 36 Cl)/P( 36 Ar) from Ca spallation (estimated at around 1:1 [5] ) and depending on the exposure time would have to be applied (cf. Eq. (2) in [5] ).
To assess the contributions of 36 Ar Cl , we used a sea level production rate of (2 ± 2) at g − 1 a − 1 , which is a conservative estimate based on the Cl concentrations of b 100 ppm in our samples and the production rate value reported in [8] (see Section 4.1). The sea level value was scaled to the sampling site elevations and multiplied by the exposure ages of the samples (see next section for details of scaling and exposure age calculation), yielding 36 Ar Cl concentrations which are at most 0.3% of total 36 Ar. The resulting 38 Ar c concentrations are shown in Table 3 . If we had neglected the contributions from 36 Ar Cl , they would be lower by less than 5%, i.e. well within error limits.
In Fig. 3 , 38 Ar c concentrations normalized to the Ca content are plotted versus 3 He tot (A) and versus 21 Ne c normalized to Mg (B), respectively. The normalizations have been chosen because 38 Ar c is produced exclusively from Ca in these samples, as argued above, while 3 He production depends only weakly on the chemical composition. For 21 Ne, the production from Si is important also, but that from Mg is dominant [e.g. [9] ], and Mg concentrations vary significantly more between samples (Table 2 ). Na and Al do not contribute much due to their low concentrations ( Table 2 ). The normalization to Mg is thus a suitable way to take account of the variations in chemical composition.
The correlation is very good in both panels of Fig. 3 , indicating that the assumptions made above are valid and the determination of 38 Ar c concentrations is reliable. The three impure pyroxene separates (open circles) deviate from the correlation line defined by the other five samples in the Ar-He plot (although the He and Ne data of [9] were used for 403 and 446 because of clear He and Ne deficiencies in our data), but not in the Ar-Ne plot. Assuming that the separates of [9] were purer than those used here but contained some feldspar as well, this can be explained by the retentivity characteristics of feldspar from Ferrar Dolerite, which loses basically all cosmogenic 3 He but retains about half of cosmogenic 21 Ne on exposure time-scales discussed here.
4.3.
3 He and 21 Ne exposure ages 3 He and 21 Ne exposure ages of the samples used in this study were initially reported by Schäfer et al. [9] .
However, those ages did not take into account the influence of persistent low air pressure over the Antarctic continent on production rates, which was published one year later [21] . Moreover, new production rate calculation methods for He and Ne based on elemental composition have become available in the meantime [22, 23] . Therefore, we have recalculated all exposure ages using the 3 He and 21 Ne concentrations and the target element compositions determined in this work, except for the impure pyroxene separates 403 and 446 with obvious He and Ne loss, for which noble gas and target element data of [9] were used. 3 He and 21 Ne production rates (P 3 and P 21 ) at sea level (standard pressure) and high latitude were calculated based on the chemical composition (Table  2 ) using the methods of [22] [23] [24] (for He and Ne) and [9] (Ne only). The resulting values vary between 102 and 158 atoms g − 1 a − 1 for P 3 and between 19 and 43 atoms g − 1 a − 1 for P 21 , respectively, depending to some extent on the chemical composition of the samples but mainly on the method used to determine the production rate. For 3 He, it is also possible to assume a production rate independent of the chemical composition, such as 115 at g − 1 a − 1 . There are numerous experimental determinations of the 3 He production rate which cluster around this value [e.g. [25] [26] [27] ], although most of them were performed with olivines where it is probably a few percent higher than in the chemically distinct pyroxenes [13, 28] . All production rate values were scaled to the sampling location altitudes using the procedure of Stone [21] for the Antarctic pressure regime. The term for muogenic production was neglected since its fraction is not known for noble gases, but is probably small [7] and should affect the results in the low percent range at most. Exposure ages were then computed for each method of production rate calculation and are presented in Table 5 . The error limits only represent the analytical uncertainties of the 3 He and 21 Ne concentrations, but do not include any uncertainties of the production rate calculation or scaling procedures. Table 5 shows a large scatter in exposure ages for any given sample. For the five cross-calibration samples He ages are generally higher than Ne ages, implying that incomplete gas retention is not an issue here. We emphasize that the cosmogenic 3 He and 21 Ne concentrations obtained in three different labs agree very well (Table 3) and are thus reliable. The scatter in exposure age values for a single sample up to a factor of 1.57 must therefore reflect problems in some of the production rate systematics applied. Roughly, the exposure age values can be grouped in two sets which are internally consistent: set "A" comprising the constant P 3 value, P 3 according to Masarik [22] , and P 3 and P 21 according to Masarik and Reedy [24] , and set "B" consisting of P 3 and P 21 according to Kober et al. [23] as well as P 21 according to Schäfer et al. [9] and Masarik [22] . Set A is quite well supported by experimental production rate determinations, with P 3 close to 115 atoms g [29] when calculated according to Masarik and Reedy [24] . On the other hand, Blard et al. [30] have recently reported a distinctly higher 3 He production rate in olivine, 128 ± 5 atoms g − 1 a − 1 , and explained the low values obtained in earlier work by unrecognized grain size-dependent loss of cosmogenic 3 He in samples crushed before pyrolysis. Moreover, the elemental production rates modeled in [9, 22, 23] have likewise been fitted to experimental data. As it is beyond the scope of this paper to assess the reliability of He and Ne production rate values, we are going to present 38 Ar/ 3 He and 38 Ar/ 21 Ne production rate ratios accompanied by a range of possible 38 Ar production rates depending on the choice for 3 He and 21 Ne production rates. Table 5  3 He and   21 Ne exposure ages (T 3 and T 21 ) for the pyroxene separates studied in this work, as determined using different methods for production rate calculation according to references given in the column heads He production rate of 115 atoms g − 1 a − 1 at sea level and high latitude, independent of chemical composition.
For 403 and 446, the 3 He and 21 Ne concentrations reported in [9] were used to calculate exposure ages. Error limits of the exposure ages (2σ) reflect only the analytical uncertainty of the noble gas analysis.
The 38 Ar production rate from Ca
The 38 Ar production rate from Ca can be directly related to 3 He and 21 Ne production rates using the correlations shown in Fig. 3, i. e., it is a factor of 1.70 higher than the total 3 He production rate or 0.876 times the total 21 Ne production rate normalized to Mg content (due to the influence of other target elements on 21 Ne production, the latter relation is only valid for pyroxenes with similar chemical composition to those used here (Table 3) , the Ca contents (Table 2) , and the 3 He and 21 Ne exposure ages (Table 5) , and were scaled to sea level at standard atmospheric pressure again using the Stone [21] scaling without muon contribution. Results for the five crosscalibration samples and the different production rate calculation methods are shown in Table 6 . For each method, the values from different samples agree within error limits, and in particular the three most accurate determinations (from NXP, 464, and 318) are in excellent agreement.
For each production rate method, weighted means were calculated from the results of the five samples (Table 6 ). They agree within error limits for either of the two sets defined above, while there is a clear gap between values belonging to different sets. Therefore we define two "global means" from the four values for each set, and obtain an 38 Ar production rate of (191 ± 21) at (g Ca) − 1 a − 1 at sea level (with standard atmospheric pressure) and high latitude if set A production rates are used, or (254 ± 28) at (g Ca) − 1 a − 1 for set B production rates. The cited 2σ errors include the scatter induced by different production rate calculation methods within the same set.
The reason for the clustering of exposure ages and, consequently, 38 Ar production rate values in two sets is not clear. This clustering might imply that one of the sets of methods describes the He and Ne production rates adequately while the other one does not, but it is also possible that the clustering is fortuitous or due to some biasing, so that the true 38 Ar production rate may indeed be somewhere between the values defined by the sets. An ultimate assessment must await a better understanding of the 3 He and 21 Ne production systematics in pyroxene. Related investigations are currently underway in several labs.
Irrespective of the exact value, the 38 Ar production rate reported here is independent of the scaling method because the scaling factor cancels out provided that it is the same for 3 He, 21 Ne and 38 Ar. Likewise, any variations of the geomagnetic field in the past do not affect the 38 Ar production rate value, because such variations do not influence the cosmic ray intensity at high latitudes [e.g. [31] ]. Our range for the 38 Ar production rate between (192 ± 21) and (254 ± 28) at (g Ca) − 1 a − 1 is in agreement with Lal's [7] theoretical estimate of ∼ 200 at (g Ca) − 1 a − 1 but a factor of 2-2.5 higher than the preliminary experimental determination of Knight et al. [6] . The 38 Ar production rate from Ca is about a factor of 4-5 higher than the 21 Ne production rate from Si. Therefore, cosmogenic Ar may become a viable dating tool in suitable Ca-rich minerals. Table 6 38 Ar production rate (P 38 ) values as calculated from 3 He and 21 Ne exposure ages (based on different production rate calculation methods; see . The two sets A and B have been defined based on clustering of exposure ages in two distinct groups according to production rate calculation methods (see Section 4.3 and Table 5 ). The individual 2σ error limits reflect only the uncertainties of the
Conclusions
We have determined the terrestrial production rate of cosmogenic 38 Ar from Ca in pyroxene minerals separated from Antarctic Ferrar dolerite. Owing to their long surface exposure of up to 6-8 Ma and to low concentrations of other target elements for Ar production (K, Ti, Cl), five out of eight pyroxene separates are ideally suited for such a production rate determination. The high exposure ages do not only provide abundant cosmogenic 38 Ar, but moreover they make sure that equilibrium between production of radioactive 36 Cl and decay to stable 36 Ar has been reached.
Due to the lack of consistency between different methods to calculate the 3 He and 21 Ne production rate in pyroxene, we cannot give a definite number for the 38 Ar production rate even though the analytical uncertainties of our determination are as small as ∼ 5%. Instead, we report a range between (191 ± 21) and (254 ± 28) atoms (g Ca) − 1 a − 1 , which is defined by the two means obtained from two sets of He and Ne production rates. Once the He and Ne production rates are better known, it will be possible to specify the 38 Ar production rate with corresponding accuracy.
Even though the potential applications of cosmogenic Ar to studies of terrestrial surface processes may remain limited to relatively high exposure ages (i.e., low erosion rates) and/or to high elevation sites due to the substantial atmospheric Ar background in many rocks, it may provide a possibility to use minerals in which no other cosmogenic nuclide can be used today, e.g. because they do not retain the lighter noble gases and 36 Cl has reached secular equilibrium between production and decay. In particular, feldspar is a very abundant group of minerals which may eventually be accessible to surface exposure studies once the 38 Ar production rate from K has been determined in addition to that from Ca.
